In the model organism Caenorhabditis elegans, the dauer pheromone is the primary cue for entry into the developmentally arrested, dauer larval stage. The dauer is specialized for survival under harsh environmental conditions and is considered ''nonaging'' because larvae that exit dauer have a normal life span. C. elegans constitutively secretes the dauer pheromone into its environment, enabling it to sense its population density. Several components of the dauer pheromone have been identified as derivatives of the dideoxy sugar ascarylose, but additional unidentified components of the dauer pheromone contribute to its activity. Here, we show that an ascaroside with a 3-hydroxypropionate side chain is a highly potent component of the dauer pheromone that acts synergistically with previously identified components. Furthermore, we show that the active dauer pheromone components that are produced by C. elegans vary depending on cultivation conditions. Identifying the active components of the dauer pheromone, the conditions under which they are produced, and their mechanisms of action will greatly extend our understanding of how chemosensory cues from the environment can influence such fundamental processes as development, metabolism, and aging in nematodes and in higher organisms.
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ascaroside ͉ natural product structure elucidation T he nematode Caenorhabditis elegans is well adapted to the ''boom-and-bust'' conditions that it likely encounters in nature. To exploit favorable growth conditions, C. elegans develops in 3 days through four larval stages (L1-L4) to the adult, which can then produce 300 progeny. However, if as an L1 or early L2, the nematode encounters a high population density, low food availability, or high temperature, it will instead develop into an alternative L3 larval stage, the dauer larva, which is specialized for survival under harsh conditions and for dispersal (1) (2) (3) . During dauer development, C. elegans undergoes fundamental morphological and metabolic changes. In preparation for the dauer stage, the worm alters its energy metabolism and accumulates fat in its intestine and hypodermal cells. As a dauer, the worm does not feed. The dauer's pharynx is sealed from the environment and its cuticle is thicker, enabling it to survive desiccation and harsh chemical treatments. Whereas an adultstage worm typically lives Ϸ2 weeks, a dauer can survive for several months, and then once it encounters better growth conditions, develop into a reproductive adult with a normal life span. In this way, the dauer is considered ''nonaging'' (4).
The primary trigger for dauer development is a set of smallmolecule pheromones, known collectively as the dauer pheromone (2) . Because the dauer pheromone is produced throughout the nematode life cycle and thus gradually accumulates, its concentration enables the nematode to sense its population density and modulate its development accordingly. More than 25 years ago, Golden and Riddle (2, 3, 5) first established the existence of a small-molecule dauer pheromone in C. elegans. They showed that culturing C. elegans for extended periods in liquid culture produced ''conditioned'' culture media that could be used to induce L1/L2 larvae to become dauers as well as to inhibit recovery of dauers to the L4 stage. By drying down the conditioned medium and extracting it with organic solvent, a crude dauer pheromone could be generated that replicated the effects of the conditioned media.
Using activity-guided fractionation of crude dauer pheromone and NMR-based structure elucidation, we have recently identified the chemical structures of several dauer pheromone components as structurally similar derivatives of the 3,6-dideoxysugar ascarylose (6) . These components differ in the nature of the straight-chain substituent on ascarylose, and thus we refer to them based on the carbon length of these side chains as ascaroside C6 (1) and C9 (2) (Fig. 1A) . These two ascarosides are approximately a hundredfold more active than a previously identified component of the conditioned media, ascaroside C7 (3), which has been interpreted to mean that ascaroside C7 is not a physiologically relevant component of the dauer pheromone (7) . Ascaroside C7 may well have an unidentified role in C. elegans development or behavior.
Genetic screens have identified Daf-c (dauer larva formationconstitutive) mutants that constitutively form dauers even under conditions of low pheromone and high food availability and Daf-d (dauer larva formation-defective) mutants that do not form dauers even under conditions of high pheromone and low food availability (8) (9) (10) (11) (12) (13) . Epistasis analysis has enabled these genes to be ordered into signaling pathways (8, (14) (15) (16) . Currently, it is thought that the dauer pheromone is detected by exposed sensory neurons in the head of the worm (17) (18) (19) (20) (21) and signals through multiple signaling pathways, including the TGF␤ pathway (20, (22) (23) (24) and the insulin/insulin-like growth factor-1 (IGF-1) pathway (25) (26) (27) (28) (29) . These pathways converge on the nuclear hormone receptor DAF-12, which acts downstream of most Daf genes and which is expressed in many tissues that undergo remodeling during dauer formation (30) . The TGF␤ and insulin pathways are thought to control DAF-12 in part by regulating enzymes (31) (32) (33) (34) involved in the biosynthesis of the DAF-12 steroid ligands (35, 36) . In addition to controlling the developmental and metabolic changes important for dauer formation, the TGF␤ and insulin pathways influence metabolism, stress resistance, and aging throughout the life cycle (27, (37) (38) (39) . There is strong conservation of the TGF␤ and insulin/ IGF-1 pathways from C. elegans and to higher organisms, including humans, both in terms of the signaling proteins involved and the biological roles that they play (40) (41) (42) (43) (44) . Dauer signaling provides insights into how environmental cues such as the dauer pheromone are sensed and how they control funda-mental processes that are central to metabolism, development, and aging.
Here, we identify a component of the dauer pheromone that, under certain assay conditions, is more potent than any previously identified pheromone component. In addition, the activity of this component is synergistic with previously identified dauer pheromone components. Furthermore, we show that the conditions under which C. elegans is cultivated appear to influence the types and amounts of pheromone components that are produced. Previous work on pheromone-based communication in insects and fish has demonstrated that environmental conditions and the developmental status of the pheromone producer can influence the chemical identity and relative ratio of pheromone components (45, 46) . In Drosophila, for example, the structures and relative ratios of the cuticular fatty acid-derived hydrocarbons that are used in mate attraction can vary depending on a number of nongenetic factors, including cultivation temperature, diet, developmental stage, and level of social interaction (45) . The fact that the chemical components of the C. elegans dauer pheromone change depending on cultivation conditions suggests that the dauer pheromone may communicate more information about the environment than just population density.
Results and Discussion
At the start of this investigation, we set out to explore some of the differences between the methods that we used to identify the active pheromone components ascarosides C6 and C9 and the methods used by Jeong et al. (7) to identify the less potent ascaroside C7. One primary difference was that during activityguided fractionation of the crude dauer pheromone, we used a dauer recovery assay to measure the activity of a fraction, whereas Jeong et al. used a dauer formation assay. In the dauer recovery assay, dauers are incubated in the presence of a fraction and a small amount of food (yeast extract), and the percentage of larvae that have exited dauer is measured after a 4-h period (2, 5) . In the dauer formation assay, the fraction is incorporated into a minimal agar plate, onto which 50-100 eggs are laid and allowed to develop in the presence of a small amount of Escherichia coli food over the course of 3-4 d (6) . Although the genetics of dauer formation and recovery are similar, some differences have been identified, such as the role of specific amphid chemosensory neurons (20) and certain G proteins (47) in the dauer formation and recovery processes. Thus, although it is likely that the small molecules that control dauer formation and recovery are similar, there may be differences between them. Additionally, the methods that we used differed from those used by Jeong et al. in that C. elegans was cultured under different culture conditions. We typically cultured C. elegans in 4-liter flasks at 22.5-25°C for 14-16 d, whereas Jeong et al. cultured C. elegans in a large-scale fermenter at 20°C for 20 d. Lastly, the purification methods that we used differed at several steps from those used by Jeong et al.
To resolve the role, if any, of these differences, we decided to generate two large-scale crude dauer pheromone preparations, one from worms cultured at 25°C and one from worms cultured at 20°C, and follow the activity during activity-guided fractionation using the dauer formation assay. In both cases, the conditioned media was separated from the worms by filtration and centrifugation and then freeze-dried, lyophilized, and extracted with ethanol to give the crude pheromone. The crude pheromone was then fractionated by reversed-phase (C 18 ) chromatography and normal-phase silica gel chromatography. In the case of the crude dauer pheromone generated at 25°C, analysis of the active silica gel fractions by 1 H-NMR and liquid chromatography-mass spectrometry indicated that the primary active components were ascarosides C6 and C9. A number of minor components that contributed to activity were also present, and preliminary characterization of these components suggested that they are all ascarosides (R.A.B. and J.C., unpublished results). Thus, the dauer formation assay appears to identify the same primary active components as the dauer recovery assay, namely ascarosides C6 and C9.
In the case of the crude dauer pheromone generated at 20°C, although there were two fractions with some activity that contained small amounts of ascarosides C6 and C9, the majority of the activity was associated with a much more polar fraction. Upon further purification, the primary active component in this fraction was identified as a novel ascaroside, ascaroside C3 (4) (see below). Interestingly, the crude dauer pheromone generated at 20°C contained significantly more ascaroside C7 than the crude dauer pheromone generated at 25°C, although these fractions were not active as judged by the dauer formation assay. This result is consistent with the fact that Jeong et al. (7) detected significantly more ascaroside C7 in the crude dauer pheromone generated at 20°C than we detected in the crude dauer pheromone generated at 22.5-25°C (6). All of these findings collectively indicate that the culture conditions used can have dramatic effects on the dauer pheromone components produced. Although temperature appears to be one factor determining what components are made and in what proportions, it may not be the only factor.
After two additional purifications of the more polar fraction by C 18 high-pressure liquid chromatography (HPLC), the active component was isolated and analyzed by NMR, including dqfCOSY, gHMBC, gHMQC, and NOESY experiments, and by high-resolution mass spectrometry (HRMS) [Fig. 1B and supporting information (SI) Table S1 and Fig. S1 A-E) . HMBC correlations established the connection between 3-hydroxypropionate and the ascarylose sugar, and coupling constants and NOESY correlations established the relative stereochemistry of the sugar. The active component was identified as ascaroside C3 (4) (Fig. 1C) . Because it is possible that the isolated ascaroside C3 could contain contaminants that contributed to, or were even responsible for, the activity, ascaroside C3 was synthesized for comparison purposes (Fig.  1D and SI Text) . The synthetically derived ascaroside C3 also provides further validation of the assigned structure as well as material for characterization of biological activity. The NMR spectra of the synthetic material matched the spectra of the (4) proceeded from dibenzoyl ascarylose (7) . An excess of 3-buten-1-ol was first glycosylated with the dibenzoyl ascarylose in the presence of boron trifluoride diethyl etherate to afford the homoallyl ascaroside. The olefin was then cleaved with potassium permanganate to afford the carboxylic acid. Finally, ester hydrolysis with aqueous lithium hydroxide afforded the target compound (4). natural material (see Table S1 and Fig. S2 A-D) . In addition, the optical rotation of the synthetic material matched that of natural material, indicating that the absolute stereochemistry was correctly assigned (see Materials and Methods and SI Text). Furthermore, comparison of equivalent amounts of natural ascaroside C3 and synthetic ascaroside C3 in the dauer formation assay indicated that the two samples contained similar amounts of dauer-inducing activity (data not shown). The structure of ascaroside C3 differs from the previously reported dauer pheromone components in that its side chain has an alcohol instead of an -1 alcohol, and thus, its biosynthesis likely diverges from that of the remaining ascarosides.
To compare the biological activity of ascaroside C3 (4) with that of the other ascarosides, synthetic ascaroside C3, and the other ascarosides were titrated in the dauer formation assay. Because temperature appears to be at least one factor that modulates the production of ascaroside C3, we tested the activity of ascaroside C3 at both 20°C and 25°C ( Fig. 2A) . High temperature is thought to favor dauer formation, independent of pheromone. Importantly, Daf-c null mutations cause temperaturesensitive arrest at the dauer stage, even in the absence of pheromone, and this temperature-dependence requires a functional AIY interneuron that is important for the C. elegans thermotactic response pathway (3, 9, 48) . In addition, mutant (daf-22) worms that do not produce dauer pheromone are as likely as wild-type worms to enter dauer at higher temperature (11, 49) . Thus, as one might expect, all of the ascarosides (C3, C6, C9 and C7) are more effective at 25°C than at 20°C. However, C3 is almost as effective at 20°C (EC 50 ϭ 320 nM) as it is at 25°C (EC 50 ϭ 240 nM). C6, C9, and C7, on the other hand, are much less effective at 20°C (C6 EC 50 ϭ 510 nM, C9 EC 50 ϭ 3,900 nM, C7 EC 50 ϭ 74,000 nM) than at 25°C (C6 EC 50 ϭ 110 nM, C9 EC 50 ϭ 700 nM, C7 EC 50 ϭ 33,000 nM). In addition to being relatively more potent at lower temperature, ascaroside C3 demonstrates a much sharper titration curve than any of the other ascarosides.
To test whether ascaroside C3 works additively or synergistically with the dauer pheromone components, we tested its activity in the dauer formation assay alone or in combination with the other ascarosides. The dauer pheromone components have been reported to work additively (5) . We have previously shown that the activities of ascaroside C6 and C9 are additive at 25°C in wild-type worms but are mildly synergistic at 25°C in a mutant strain that does not produce dauer pheromone (daf-22) (6, 49). Interestingly, ascaroside C3 synergistically induces dauer formation with ascarosides C6 and C9 at 25°C, even in wild-type worms (Fig. 2B) . Ascaroside C3 also synergistically induces dauer formation with ascarosides C6 and C9 at 20°C in wild-type worms (Fig. 2C) . Additionally, at this lower temperature, there is some synergism between ascarosides C6 and C9 (see Fig. 2C ). This synergism between C6 and C9 is possibly apparent at 20°C (Fig. 2C) , but not at 25°C (Fig. 2B) , because of differential natural ascaroside production (by the worms participating in the assay) at the two temperatures. Indeed, this result is consistent with our previous result that C6 and C9 did not show synergism in wild-type worms, but did show mild synergism in the daf-22 mutant strain (6, 49) . In addition to structural differences between the ascarosides, which make ascaroside C3 much more polar than the other ascarosides, and differences in temperature dependence between the ascarosides, ascaroside C3's synergistic activity provides evidence that ascaroside C3 may target a different target receptor than either ascaroside C6 or C9. To test whether ascarosides behave differently in different dauer mutant backgrounds, we tested the activities of ascarosides C3, C6, and C9 in a number of Daf-c and Daf-d mutants (Table S2 ). In the dauer formation assay, the ascarosides behave similarly in the different mutant backgrounds, suggesting that they target similar dauer signaling pathways or that the mutations tested occur too far downstream in the signaling pathways to distinguish differences in the pheromone components.
Like most other pheromones, the C. elegans dauer pheromone is a mixture. We have identified a component of the dauer pheromone, ascaroside C3, that at lower temperatures is the most potent component of the dauer pheromone yet identified. Intriguingly, the types of dauer pheromone components that are produced by C. elegans appear to vary depending on the culture conditions that are used. It will be interesting to define the factors that determine what types of components are produced, and this problem is one that we are actively pursuing. Although we have identified at least one factor that influences what dauer pheromone components are made (temperature), this factor could well interact with other environmental factors to modulate pheromone production. The variable composition of the dauer pheromone indicates that the dauer pheromone conveys not only information on population density but also additional information about the environment of the pheromone producers. In addition, we have shown that ascaroside C3 acts synergistically with previously identified dauer pheromone components, suggesting that it has a different mechanism of action. To clarify the mechanistic differences between the ascarosides, their corresponding receptor(s) must be identified. The dauer pheromone is thought to target a G protein-coupled receptor(s) in the amphid neurons, and multiple G proteins and cGMP-gated channels have been implicated in the dauer formation process (47, (50) (51) (52) . Unlike the mammalian odor receptor system in which each neuron contains a single type of GPCR, in the C. elegans chemosensory system, multiple types of receptors are located in an individual neuron (53) . Thus, the different ascarosides may target multiple receptors and their associated G proteins in a given neuron, and these multiple inputs may be necessary for activation of the neuron and signaling to downstream pathways. An understanding of the dauer pheromone will require not only a cataloging of all of the dauer pheromone components produced and the conditions that induce their production, but also identification of their target receptors and downstream effects. Eight liters of OP50 was resuspended in a small volume of S medium and added as a food source at day 1 and then again at day 6. Conditioned media was centrifuged, filtered, and freeze-dried. The solids were extracted with 95% aqueous ethanol (1.6 liters, three times) to afford crude dauer pheromone.
Materials and Methods
Dauer Formation Assay. The dauer formation assays were performed as described (6) on NGM-agar plates made with Noble agar (BD Biosciences).
Purification of Ascaroside C3 (4).
Crude dauer pheromone from conditioned media generated at 20°C was fractionated by C 18 column chromatography with stepwise gradient of aqueous methanol (0 -100%). The active fractions were followed with the dauer formation assay. The most active fractions, which eluted with 10 -70% methanol, were combined and further fractionated on a silica gel column with chloroform and methanol solvent mixtures (10:1 to 1:5), followed by a chloroform, methanol, and water solvent mixture (3:7:0.5). This polar wash fraction contained the majority of activity and was further purified by reversed-phase HPLC on a C18 column (Supelco) using an aqueous acetonitrile gradient (0 -30%), followed by reversed-phase HPLC on a C18 column (Supelco) using an aqueous acetonitrile gradient ( Table  S1 and Fig. S1 .
Synthesis of Ascaroside C3 (4).
Experimental details on the synthesis of ascaroside C3 (4) can be found in SI Text.
Data Analysis. EC 50 values were determined by using Prism software. Each titration curve was fit with a sigmoidal curve with variable slope, in which the lower limit was set at 0, and the upper limit was not defined. The EC50 was defined as the concentration at which each ascaroside reached half its maximal activity (as calculated by Prism).
